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INTRODUCTION

The application of automation to water systéems has
been well suminarized by a “state-of-the-art” report
compifed by the USBR Water Systemns Automation
Team [10] !, Additional details concerning controller
equipment have been reported by - Buyalski {2].
Methous for determining the parameters for specific

cantrollers have been developed by Shand [9] and .

Wail {11]. These reports all use anaglysis methods
which are derived from control theory; however, the
advantages and limitations that are inherent with a
particular roethod are ‘not always apparent from the
individual -reports. Ogata [7], on the other hand, has
very carefully delineated the various analysis methods

and their vespective areas of applicability. The purpose ,.
of this cortribution is to put the methods in’

perspective with respect to water systems automsation
and .to (illustrate the applicghility of. the
frequency-response analysis method.

The performance characteristics of a system car be
considered -as having two components: a transient
response and a steady-state respense. The transient
response refers to changes that occur in the output
from a systemn as a result of the input passing from one
state or level to another state. The  steady-state
response refers to the pehavior of the output as time
becormnes infinits: Mormally, step, ramp, and impulse
inputs are analyzed using transient-’response methods:
whereas, frequency-response methods are used to
analyze sinusoidal inputs. '

The choice of the analysis method to be used is
frequently indicated- by the expected shape of the
signais input into the system, With a single reach of
canal, the water demands change by fixed increments,
In this case, the typical operation consists of a fixed
amount of water being turned cut or diverted from the
canal. The length of time from the beginning of the
diversion until the final discharge quantity is reached is
so short that the change in discharge can be considered
to be a step change. This, in turn, produces a
momentary step change in the water- surface level
which actuates the controller. Therefore, the use of the
transient-response methods is appropriate.

With multiple reaches of canal, the choice of en
anatysis method is no longer trivial. As the disturbances
pass further from the site of the turnout, they become
more and more sinusoidal. Therefore, for these cases,

the use of the frequency-response method s a

reasonable agsproach,

! Numbers in brackets identify references contained in
the bikliography.

The main advartage of the frequency-response method
is that the absolute and relative stabilities of a linear,
closed-loop system can be determined from the
open-foop frequency-response characteristics. Another
way of stating this is that the stability of the control.
system -can be determined by knowing the ’
frequency-response characteristics of each part. Since
these characteristics can be determined experimentalily,
the stability analysis is facilitated. In contrast, the
transient-response analysis requires 2 knowledge of the
mathematical expression for the entire system in order

. .to.ipunstigate the system’s-stability. For complicated

systems, such as canals, the mathematical expression is
almost impossible. to determine. Even with simplifying

" assumptions, the" resulting expression is usually very

complicated.

A “secondary advantage of the frequency-response
method i5 that the analysis and design can be extended

. to certain nonlinear control systems. For instance, the
“’effect of a dead band on a controller can be
#investigated  without the need for trial and error

computer runs,

The main disadvaﬁ"fége of the frequency-rj:esponse‘

.method is that Tor complex systems (higher order

systems in  control - systems terminclogy) the
correlation between frequency response and transient
response ‘is not direct. For canal systems, this
difference can be significant since the
transient-response characteristics are frequently the
most critical with respect to the safety of the structure’

. and the speed with which dermands on the system can
~ be met. However, this disadvantage can be overcome;

through the use of specific design criteria applied to
the frequency-response wmethods, acceptable
transient-response characteristics can be achieved.

‘In canals, discharge is normally the parameter which is
to be controfled although discharge is not a quantity
which can be determined directly. Instead some other

‘quantity must be measured and then discharge is

related to that quantity through a mathematicai
relztionship, The quantity most frequently used in-
canals as the significant parameter is the water surface
elevation or the difference in the water surface
elevation between twa points. Therafore, in the
discussions that follow, the water surface elevation is
the controlled parameter. ) :

The present methods use terms to describe the control
parameters which are based on the behavior of a
second. order system. The general form of a second

order system can be expressed by the following

differential equation:




d?y dy
2l ek, L+
ot? K dr

Koy +K3 =0 {1}

" 'Shand [9] derived an approximata model for the caral
behavior which has the form of this equation; he
retained only the first two terms. in his derivatian, y
refers to the change in the downstream water depth.
The canal geometry, initial water depths, friction
factors, etc., are simulated by different values of the
coefficient K. With Shand's simulation, all
disturbances decay exponentially.

The addition of a vontroller (feedback) significantlyl

alters the behavior of the downstream water surface.
Shand [9] showed, for certain control parameters, a
unit step change in water elevation at the upstream end
of t"e canal produced a damped oscillation, figure 1.
With other control- parameters, sustained oscillations
will result, The shape of the transient-vesponse curve is
essentially determined by five parameters, figure- 1.
These parameters can be described numerically by
ejther time intervals or amplitudes. The conventional
nomenclature which is used to describe the parameters
and the transient-response characteristics, is:

1y = Delay time
= Rise time
= Peak time
= Settling time .5
, = Maximum overshot {percentj

Ideally, each element of the controller and of the water
surface fluctuations in the canal can he described by a
mathematical function. These functions and ihe signal
flow path through the system can be represented
pictorially by a block diagram. For instance, the canal
system shown in figure 2 can be represented by the
block diagram of figure 3, The capital letter by each
block represents a mathematical function which gives

~EXPONENRTIAL DECAY

ALLQWaBLE
- TOLERANCE

t

Figure 1.—Response of a secand ofder system to a umit step
input,

the relationship hetween signals input into .the block
and the signals which are output from the biock: in
other words, the {etier represents the transfer function
for the block.

The figure 2 diagram represents downsiream control;
this is called downstream control because disturbances
are detected downstream of the controlling element. -
These disturbances arz sent through a controller 1o an
elemeit which affects the desired remedial ‘action to

‘eliminate the disturbance.: In' this case, the conitrolling

element is the upstream gate,
) " :

It ‘shoutd be noted at this point that the
frequency-response analysis methods will work egually *
well for upstream control. For the purposes of
illustrating the application -of frequéncy-anal\;sis,
techniques to canal automation, a downstream contyol

AL

scheme was selected. =i

The systemn to be cantrolled in 2 single canal reach is
the water prism contained between the upstream and
dowstream gates {fig. 2). Both upstream and
downstream disturbances can eHect the water levels in
the canal reach. This systemn is reguiated by a controller
that attempis to control the water surface disturbances
within certain prescribed limits.

Typical controllers contain filter, proportional, and
integral elements, The purposes of the filier are 10
compensate for the wave-travel time in the canal reach’
and to prevent passage of all trivial disturbances from
the water fevel sensor signal. These extrancous
disturbances generally  have high-frequency
components and include, arnong other things, wind
waves, The purpose of the proportional element of the
controller is to make the inflow ‘rate through the
upstream gate equal to the ofitflow rate from the canal
reach. To achieve this end, the upstream gate is moved
in proportion to the change in water level at the sensor.
This part of the controfler function is based upon the
assumption that changes in water level at the. sensor
and changes in the gate position are both directly
proportional to changes in dischargz. The purpose of
the integral element is to move the upstream gate in
such a fashion that the water level at the sensor is
always returned to its original position.

The flow of disturbances through the-system and the
coriroller can be followed on the block diagram,
figure 3. In this diagram, G refers to an element being®
controlied and H refers to an element on the feedback
path. For instance, 2 turnout at the downstrearn gate
produces two signals that trave! upstream
simultaneously. One: signal passes through the canal
itself; the transformation of this signal as it passes
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Figure 2.—Schematic representation of & canal reach,
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through the canal is represented by block Gg. The
other signal passes through the controller elements Ha

and H3 to actuate the upstream gate. The effect of the

current gate position, gate dead band, and gate
movemnent actuator are represented by block H,. When
the gate moves, it creates a wave which'enters the canal
reach. The height of the wave as 2 function of the gate
movement is represented by block M. The cycle is
completed when the wave passes back downstream
through the canal Gs to produce a new disturbance at
the downstream end of the canal reach. The transit of
disturbances originating at the upstream end of the
canal reach can be followed in a similar manner.

The method outlined by Shand [9] is applicable to
disturbances due to turncuts. The frequency-response
method outlined here is applicable 1o disturbances at
the upstream end of the reach. Since the canal must be
stable to all disturbances arising anywhere in the canal
system, both Shand’s method and ' the
frequency-response method should be used to develop
the control parameters.

4
f
it

The signal flow paths through the controllers have been

studieds extensively, Varipus flow paths and
combinations of the functions performed by the

separate parts of the system have specific names. For’

instance, some of these terms are:

The Feedback signal (8) is an element which
maodifies the input signal {R).. Two feedback signals
are present in a single canal reacn one goes through
the controller and the other, passes through the
canal itself, in terms of the transfer functions, these
are: :

a= C(H]H1H3H4,‘
U= CGE,
The Open-loop transfer function is the ratio of ‘the

feedback signaf (B} to the actuating signal {E€}. This -
is given by:

8
E=HIH2H3H4GJ,; (4A)

when the downstream disturbance V¥ = Q.

The Feedforward transfer function is the ratio of
the output signal {C} 1o the actuating signal {£), so
that:

G N
€GB 4 (5) &
E 1-GsGg E
" The Ciosed-loop transfer function is the ratio of the
output to theinput. If the output is influenced cnly
by the downstream disturbance, then: _

c. .1
N 1+ HiH;H3HaG5 ~ GsGg o

If the output is infiuenced only by the upstream
disturbance, then:

C_ Gs
R 1 +H1 HyH M Gs —GsGe

(7)

I the outp\jt is influenced by both the disturbance
and the reference mput, it is possible to wnte the
output as:

N+G:A

C=
1+ H\H HyH Gy — G sGg

{8)

In general, it can be seen that a delivery of water at an
intermediate reach in a series of canal reaches will cause
N-type disturbances to propagate in the upstream
direction and A-type disturbances 1o propag'ate in the
downstream direction. When the N-type disturbances

reach the upper end of the canal, either a pump is.

turned “on or a gate is opened. These actions cause
R-type disturbances which propagate in a downstream
direction, These in twn cause new NV-type disturbances -

- to form as a result of the downstream gate movements, *

The process continues until a steady-state condition is
achieved. The desired steady-state condition is one in
which the water surface in the entire canal does not
vary with time. However, the most usual steady-state

~condition is one in which there are low-amplitude,

low-frequency - fluctuations in

the water surface
elevatlon ’

SUMMARY AND CONCLUSIONS

"Two methods are available for determination of

cantrol parameters on automared canals. These are the
transient-response method and the frequency-response
method. Since a typical canal system is influenced




predominantly by transient inputs, the
transient-response method has been extensively used in
the analysis of automated canal systems, The main
advantage of the frequency-response method is that the
effects of varying the various control parameters can be
readily visualized and evaluated.

The presently used transient-response method  and
parameter selection is reviewed. The basic concepts of
the frequency-response method are presented and their
application to an automated reach are illustrated with
an example. Two computer programs are given which

can be used to determine canal response characteristics.’

It would seem axiomatic that a good description of the
process to be controlled woutd be specified before the
design of:a controller would be undertaken. In the case
of canals, a clear-cut description of the process is
lacking. Althot'gh the simplified mathematical response
madel developed by Shand 9] appears to yield
relatively good results, no systematic studies of the
canal freguency response have been made. In
particular, studies fdescribing the effects of supercritical

flow beneath gates, friction factors, and changes in-

canal cross section need to be performed.

The state-of-the-art in process control has progressed
sufficiently far so that both the transient-response and
frequency-response methods of analysis can be used in
" a complimentary fashion. Employment of only one
method in the design of automated systems is, in
general, . wasteful of both computer time and
engineering effort ’

Circuits other than those in the EL-FLO controller are
feasible for compensation. These include Iead lag, and
lag-lead compensation, Ogata [7}. Once the canal

response has been determined, these circuits should be

investigated to test their f{reguency- and
transient-response characteristics, In addition, the
availability of electrical components to achieve the
desired compensation on canals should be studied.

REVIEW OF CURRENT
METHODS FOR CONTROLLER
PARAMETER SELECTION

With the exception of the <integral functiom, the
selection of the parameters for a canal controller is
based primarily on the work of Shand [S]. The
parameters to be considered are the:

®Water [evel offset—the difference between the
water level depth at zero flow and the water jevel
depth with flow,

®Proportional gain~the ratio of gate opening to
offset,

®Filter time gonstant—to govern the. stability of
the contro! system, and

#|ntegral function—the value needed in the
controller to make the offset equal to zero.

Proportional Gain

Shand [9] has developed parameters for the value of
the proportiorial gain such that water |evel disturbances -
above the downstream gate are not transmitted
upstream. Since the method is somewhat involved and
requires several computer runs of a program developed
by Shand, the reader is referred to the original report
for more details. . .

The Water'Systerns Automation Team’ [10] defines the
proportional gain stuch that the discharge out of the
canal reach equals that entering. Also the proportional
gain in their report is referenced to changes in the
upstream water depth, AY;. The two definitions of
plopo-‘tronar gain dre raferenced to the same depth
only when the constant volume concept of canal
operatici is used,

»The definition of propertional gain with constant
" 'volume canal operation is: :

b6y, TV +C) T
GAIN =—= = .9
AYs BCy 2gAH

where

G, = gate opening -
T - mean width of water surface
V = mean water velocity
C = mean wave celerity
B = qgate width :
€y = discharge coefficient of gate
g = acceleration of gravity :
AH = differential head across the gate

This equation is useful in obtaining initial estimates of-
gain to be used in first-run simulation programs.

Filter Time Constant S

The canal and controller are a stable system if
disturbances applied to the system do not increase
without limit. Practicaily speaking, disturbances that
are amplified so much that physical limits are
exceeded, such as gates being overtopped, also




represent an unstable condition. A procedure for

preventing unlimited amplification of disturbances was
developed by Shand [9]. Through trial and error,
Buyalski [2] found that acceptable results are obtained
if the time constant is set equa) to the time it takes a
wave to transverse the length of the canal, or:  *

tr=1L/C, o
where

¢, = filter time constant
L = canal length e
C,, = wave velotity = \/gd/T
g = acceleration of gravity
A = mean cross sectional area of
canal prism

T = mean width of water surface.

This is essentially the same criterion recommended by
the Water Systems Automation Team [10]. .-

These criteria, while preventing unlimited amplificatian
of disturbances, do not ensure that some limiting
values are not exceeded. Therefore, the parameters
must be tested in the mathematical simulation mode|

developed by Shand [B] to verify the systern stability )

and performance,
Offset

Shand [9] defines the target depth as the depth at the
downstream end of the reach with zero How. The
maximum offset is the difference between the target
depth and the normal or uniform flow depth - with
maximum discharge. Y proportional gain is the only

component of a controller, then the maximum gate

opening for the maximum gain is determined from:

Gpray = (GAIN} (OFFSET, ) (11

The maximum ‘gate opening remains essentially
constant with various water surface elevations when
the maximum discharge is constant. Therefore, it seems
tempting, from the above equation, to reduce the
maximum offset by increasing the gain. However,
increases in gain over the values rscommended by
Shand will result in disturbances being amplified
upstream and in unstable flow conditions.,

Integral Function

a

In most canals, satisfactory delivery of water cannot be’

made with even small offset values, For these cases, a
function is added to the controller which returns or

‘reset  rate

“resets” the offset to zero. In the following discussion,
the terms. reset and integration are used
interchangeably.. The output of a proportional
controller with the raset function is given by:

OUTPUT = K, {(INPUTY + K2} INPUT dz  (12A)

or

. ,
OUTPUT = K, [INPUT) +}—‘—f|NPUT dr (128}

where:

K, = gain factor
Ko = reset factor = K, /T;

T',, = period of time for reset action

T; = integral time
= time for proportional action to
be duplicated

1
—=r
7 eset rate

= number of times per unit time
that the proportional part of
the control action is duplicated.

The action of the reset function can be sean in figure 4.

In-practice, the integratas runs continugusly. That is,
the time T‘, . is infinite: No guidelines presently exist to
cstimate the rnagnitude of the reset rate for canals. The
is determined solely on the basis of
experiment. on a mathernzatical model of the canal
systern. A satisfactory value for the reset rate is one

which reduces the offset by 90 percent in 2 to 3 hours.

Dead Band.

The signal from the controller is introduced into the
circuitry which controls the motion of a gate. A
position indicator is located somewhere on the gale

GUTRUT
L

2K {INPUT) |

K{INPYUTY

Figure 4.—Praporstional plus reset output from a cantrolier
with a step input.




mechanism. The output from the position indicator is
compared with the signal from the controller. If the
difference between the two is not zero, the gate moves
so that the difference becomes equal to zero. In order
to keep the gate from moving continuously, a dead
band is employed. With a dead band, the controller
signal must exceed some preset value before the gate
receives a signal to move. For example, a typical dead
band value on a canal system is 30 mm of gate
movement. That is, the gate must have a command
from the controller to-move more than 30 mm before a
gate maovement is inftiated.

In the field of process engineering, the number of
control parameters in a controller is referred to as |evel
of the mode for the controller. Thus, a controller with
gain only is a “one-mode” controller. Whereas, a
conirofler with gain plus reset is a “‘two-mode’’
controller, ete. Buckley [1] recommends the fallowing
principies in the design of controllers:

®1f at all possible, one-mode controllers shouid be
used for process control.

®!f one-mode control is unsuitable, the engineer

should try to specify a field adjustment of only
one mode of a two-mode controlier,

oThe engineer should avoid three-mode control or
at least having three modes adjusted in the field,

IMAGINARY
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A. COMPLEX

The original EL-FLO controller is an example of a
twao-mode controller. The addition of the reset has
turned it into a three-mode controller. The use of .
multimode controllers coupled with the nonlinear
effects introduced by the dead bands has made the
parameter selection for a given canal a matter of triaf
and error. Due to the complexities of the canal and
controlier system, the parameter selection for a wide
range of flow conditions requires an engineer with bath
fietd and automation experience. Since this
combination is rather rare, some technigues that
provide additional insight into the effects of variations
to the parameters seems ta ‘be required.
Frequency-responss analysis appears to hold promise as
a method of providing the additional insight. To date,
this method has not been extensively exploited in the
analysis of canal systems.

Frequency-Response Methods

Fundamental Concepts

Frequency-response methods describe the steady-state
response of a system to a sinusoidal input. One of the
most common ways ta describe a sinusoidal input is by
a vector which rotates with a constant angular speed.
This can be represented in either complex or in real
notation, figure 5.

L
2

B. REAL

Figure B.—Representation of sinusaidal wave.




The real representation of a sinusoid can be described

ast
= A sin (2—;-5 + u) .
%A cos (%_TI— + B) |
acor (o nan () e e

where

{13A)

cosine {138)

a=Asina=Acosf
b=~Acosa=-Asinfi
o = 90-f

Several possible ways are used to describe the sinusoid
in complex notion,

These are:
—r
H =Retjiim
= Pef-o

=Plcos 0 +/sin 0}
=P 0

{144}
exponential  {14B)
trigonometric (14C}
(14D}

rectangular

polar

where

P=./ Re® +m* = amplitude

2mt

0==2 +6, fort=nTwithn=0,1,2etc.

8, = tan™' {fm/Re) = phase angle
i= =1

The relationship between the complex representation
and the real representation is given by Lee [B]. This
relationship is simply:

0, =tan" ' (—bla) {15}
The frequency-response method utilizes the complex

representation of a series of sinusoids. Specific names
have been given to the graphical plots associated with

the complex representation. Each type of plot has its

own advantages with respect to the analysis. The most
commonly used plots are:

A Bode diagram which is actually two separate
plots. One gives magnitude on 2 logarithmic scale
versus frequency; the other gives phase angle versus

frequency. Essentiaily, this diagram uses the

exponential type of complex representation. The .=+

usual unit used on the amplitude scate is the decibel.
Mathematically : B e

d8 = 20 log P

where

dB =-decibels
£ = amplitude
log = logarithm to the base 10

However, the decibei scale is not used in this report
because none of the frequency-response amplitudes
are computed in terms of decibels.

A Polar or Myquist diagram is 3 plot of. the
imaginary component versus the real component.
The diagram uses the rectangular form of the
complex rtepresentation. Magnitudes are usually
plotted on a linear scate.

A Nichols diagram is a plot of the log-magnitude
versus phase, Very frequently a Michols diagram
includes curves of amplification and phasa shift for
a closed-loop system with unity-feedback. If the
"system has nonunity-feedback, it can alwavys be
converted to a unity-feedback, figure 8 This
conversion is only one of the rules of bldck diagram
algebra summarized by Ogata [7]. '

The relative usefulness of these various diagrams can be
seen when they are compared for the same function,
figure 7. From the Bode diagram, the magnitude and
phase shift of the output with respect fo the input
signal is represented as a function of frequency. In
addition, the maximum magnification M, is clearly
indicated.

The WNyoguist plot shows the frequency-response
characteristics over the entire frequency range {zero to
infinity) in a single piot. The natural frequency {w, ) of
the system is easily determined. The stability of the
system is also easily determined from this plot. The
system stability 'is examined using the open-loop
transfer function. The behavior of the locus of this
function with respect to the point (Re = —1, /m =0},
With a stabie system, the point (—1,0) is not enclosed
by the Nyquist plot.? That is the point (~1,0) must lie
outside of the shaded area. However, this rule does not

* All points lying to the right hand side of the curve
from w = 0 to w = * are said to be enclosed by the
curve,




A. NONUNITY - FEEDBACK SYSTEM

L UNITY — FEEDBACK
e

B. EQUIVALENT SYSTEM

Figure 6.~Reduction of nonunity feedback to unity-feedback system.
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apply
Although the Nyquist plot can pass through the
stability point (—1,0), theoretically, it should be
avoided in practical contro! systerns.

The Nichols plot has the advantage that the frequency
response of the closed-loop system can be determined
easlly. In addition, the effect of changing the
frequency can be guickly estimated. For instance, if
the open-loop response of figure 7 is superimposed
upen magnitude and phase curves for a unity-feedback
system, the resulting intersecting points are the desired
closed-loop response characteristics, figure 8. In this
case, the magnitude of the resonant peak has changed

from a value of 10 with the apen-loop system to about

1.02 for a closed-loop unity-feedback system. If the
closed-loop gain is changed, the open-loop curve is
merely shifted up (gain. increased) or down {gain
decreased).

In the sections that follow, the response characteristics
for each controlier element are discussed in detail and
illustrated with an example. Then a method “for
estimating the response characteristics of a canal reach
is described. A graphical method is given which
combines these individual response elements into the
open-loop transfer function. From this opsr-loop
function the closed-loop response of the example canal
reach is obtained. Finally, conclusions regarding
stability and the adeguacy of the compensation are
discussed.

Respanse Charactesistics of Contral Elements

Basic considerations.—The output of the controller

consists of the summation of several transfer functions.

If each of these is linear, the overall gain of the sum is
* equal to the product of the individual gains, Jenkins
and Watts [5]. The overall phase shift is the sum of the
individual phase shifts. Therefore, the effect of varying
parameters in the controller on the overall response
characteristics can be readily seen by examining the
response characteristic of each part.

As an example, the EL-FLO canal controtler consists of
a fiiter, a gain, and usually an integration {or reset}
element, Therefore, only these three types of systems
will be considered. The response characteristics of
other types of systerns can be found in Jenkins and
Watts [5]. The inclusion of elements or systems, other
than gain, into a coniroller in order to make the overall
behavior of the entire system have some - desired
characteristics is called “providing compensation®.

for systems with multiple feedback loops. %

Fitter response —The filter response is givén by a

“.simple exponential function, Shand [9]. The equation

isl

OUTPUT _e#/T
INPUT 7

(1

whera
7 = filter time constant,
The amplification or gain of a sinusoidal signal input
into the fitter is given by:
Pr=11+ Q2 fTy?) -1z 118)
where 7 and T are in consistent units, such as £ in cycles
per minute and T in minutes.

The corrésponding phase shift is given by:

¢fﬂ—tan"" (27 N {19)

A Bode diagram of the filter response is given in figure
9. It is evident that the equations for the two
asymptotes are: ’

Py =1 for small frequency values and {20A)

1 .
P =
R om T for large frequency values

{20B)

The two asymptotes intercept at: -

2nf=7"1 {21}

Proportional gain respornse.—Setting the proportional
gain is one of the first stepsin adjusting the system for
satisfactory performance. Normaily the proportional '
gain is set to ,produce.some specified result of
steady-state conditions. For instance, an example was
given earlier in which the proportional gain was
determined so that the discharge out of a canal reach
was equal to that entering the reach, In many practical
situations, increasing the proportional gain above some
value will result in instabilities. Therefore, it Is
necessary to provide compensation 10 eliminate the
undesirable operating characteristics.
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Figure 9.—Filtar response,

The amplification (P y of a sinusoidal signal input into
the proportional gam glement is given by:

P, = GAIN (22)
The phase shift is given by:
@y = 0o (23)

The Bode diagram for the gain response is given in
figure 10.

has the
response

feset response.~The reset parameter
characteristics of integration. Its
characteristics are given by:

P.=K,/2nf (24)

and 8, = —m/2 (25)

The Beode diagram of the reset response is given in
figure 11.

—

/969 =0

en [
1 7

e

Pg=CONSTANT-

1.0,
2w

Figure 10.—Gain response,

Since the gain is high at low frequencies, the reset
function can be regarded as a low-pass filter. This tends
to- create instabilities near steady state. The reduced
gain at high freguencies results in slow respanse
characteristics for trans:ont conditions. Thus, reset has
undesitable characteristics: with respect to feedback
contiolleys. E,

b

" Combined response characteristics of the FL-FLO

controffer —Knowing the response characteristics of

.each element in the controller it is possible then to

determine the averall response characteristics for the
contreller, For instance, on the Coalinga Canal, the
control parameters Tor the first reach are;

Gain = 2.50
Filter time constant = 1033
=17.2 min
Reset coefficient, K» = 0.019 min ™"
If all elements of the controller are in series, the
combined response is obtained by multiplying the
amplifications {# vafues) and summing the phase zngles
{¢r vatues) of all the components which make up the
controtler. Since the amplifications are plotted on a
logarithmic scale, the amplifications can be determined
graphically by a simple summation of all the
components. This graphical summation must be done
relative to the 2 = 1 line.

'z

The proportional cantrol and the filter are connected

in series on the Coalinga Canal. However, the integral
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Figure 11.—Reset respanse,

control is connected in parallel, figure 12: Therefore, a
modified method must be used to determine the
combined response. Using the rules for block diagram
algebra, it is possible to reform the integral controller
hookup into an equivaient block that can be combined
according to the rules previously mentioned. The
equivalent block transfer function is given by:

{H,} equivalent = T + H,

tn terms of amplitudes and phase angles:

{P,) equivalent = /1 +P2

{,) equivalent = —tan ™! (P

The response of the individual elements and of their
eombination is presented in figure 12.

The preceding values are not the only ones which result

in the same characteristics for the controller, Far

instance, the following values give almost identical
overall characteristics with those given by. the values
previousiy given:

Galn =45

Filter time constant = 2066 S

Reset coefficient, K3 =0.01 min™!

Other combinations of controller parameters which
result in identical overall controller characteristics can
be found by trial and errar. Since an infinite number of
combinations can vyield the identical controller
response, attention should be focused on desirable
combined characteristics and not on the characteristics
of each controller component.  Currant parameter
selection methods are based upon this latter approach.

The controller resportse. depicted in  figure 12
represents the combined response of blocks H5 and H,
in figure 3.

Response Characteristics of Gate
Mevement with Dead Band

The response characteristics of the gate movement
segrnent of the feedback loop cannot be expressed as a
simple function as was possible for the controller
elements. The reason that no functional relationship
exists is due to the dead band which introduces
nonlinear elements into the feedback loop. The effect
of‘these nonlinearities on the G'\ﬂratmg system are
considered in this section, Sy,
The gate movement segment consists of a comparator,
a gate position indicator, and a gate movement
actuator, figure 2, Signals from the feedback controlier
are compared with the actual gate position. If the
difference between the desired position and ‘the actual
position exceeds some value, known as'the dead band,
the gate rnoves in such a manner as to reduce the
difference to zero. The motors that move the gates are
generally a-c devices. Thus, they are either on or off.
As a result, the gate moves at a constant rate which is
not @ function of the magnitude of the input signal.
The direction of movement is controlied by the sign of
the input signal, however., ‘

The time required o move the gate a spei:iﬁed distance
is given by:
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Figure 12.—Response of controller on Coalinga Canal, second reach.




where

At = time interval required
AG = change in gate opening
-r = rate of gate movernent

The change in gate opening corresponds roughly with
the magnitude of the dead band since the time interval
to complete a gate movement is generally smatl with
respect to the time interval for changes in the signal
from the controller, This fact permits instabilities
caused by the dead band action to be estimated,

At steady state, a specific flow rate of water is
detivered out of a canal reach. However, due to the
dead bands, the inflow to the reach changes in
incrernents. Only under the most unusual conditions
does the number of incremental discharges equal the
delivered discharge. In the more usual case, the inflow
discharge fluctuates about the delivered or set
discharge, figure 13. It can be shown that the time
interval for a cycle to repeat is given by:

LT,

m “\GAIN(G,,)) *

/G,
U+ 1)d/GL) — 11 [1 — nd/G,]

(27}

d = dead band
L = ¢anal length
T,, = average top width of water
surface
GAIN = proportional gain of controller
Q,., = delivery discharge
G, = gate opening required to
deliver Q,,
= truncated value of G, &/

The frequengy of the cyclical variations about the
steady-state flow is simply the reciprocal of the time
interval.

To facilitate the computations, the right-hand side of
equation 27 is factored into two fractions. The first
fraction consists of the canal parameters. The second
fraction consists of dimensionless values. -The
reciprocal of the second fraction is called the
frequency parameter (9). Through this procedure the
frequency of the steady-state cyelical operation can be
easily computed, figure 14. The frequencies for any
range of discharges will range between some maximum

p
.f

DELIVERED DISCHARGE, Qger

n #94,8 — ————m r——-—~_1[_

o l

S !

““DISCHARGE INTO CANAL REACH

DISCHARGE, O

TIME; t

Figure 13.~Discherge relationships in a canal reach,

value and zero, The maximum possible frequency is
given approximately by: ’

. _GAIN@)

max ~ 8L T“.Go (28)

{t has thus been shown that a dead band introduces
cyclical fluctuations into a canal reach because the sum
of the discharges from the incremental gate movements
dogs not precisely equal the desired delivery discharge.
These fluctuations can have frequencies between zero
and some maximum value given by equation 28.

In addition to knowing the magnitude of the cyclical
frequency introduced by the dead band, the designing
engineer  also needs to know how the gate control
element reacts to inputs of any random frequency. In
systerns technology, this general problem class is
known as “on-off nonlinearity with dead zone and
hysteresis.”” The method of analysis is called
“describing function analysis,”” The problem solution
involves a couple af very gross assumptions,

The first of these assumptions is that the linear and
nortlinear elements of a nonlinear system can be
separated into individual elements, figure 15.

A nonlinear element can generally be recognized by
one of two characteristics. The frequency-response
characteristics vary with the amplitude of the input
signal or the output is not directly preportional to the
input. A dead band element is nonlinear because a
sinusoidal input signal does not produge a sinusoidal
output, The describing function analysts treats only the
characteristics of the nonlinear element. Its effect on
the overall system performance is considered !ater.
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Figure 15.—Nonlinear contral system.

The second major gross assumption is that the stepwise
fluctuations of the output can be approximated by a
sine wave. This implies that the input fluctuations are
symmetric. In addition, this assumption implies that,
with respect to stability, only the fundamental
component of the cutput is significant.

The input and output characteristics of the comparator
are shown in figure 16. The response of the dead band
is defined by ratio of the fundamental harmonic
component of the output to the input. This is
expressed in complex numbers as:

N=—0"ilp

r._
X

where

N = describing function

X = amplitude of input sinusoid

Y = amplitude of fundamental component of
output sinusoid

¢ = phase shift of fundamental component
of output sinusoid

The solution..of equation 29 {for the general case is
shown in figure 17, The parameter &, is 2 descriptor of
the dead zene and the parameter A is a descriptor of
the hysteresis. The dead zone refers to a controller
characteristic in which the output has a zero value
when the _input value lies within the dead zone.
Hystecesis refers t¢ a controller characteristic in which
the output depends upon the direction in which the
input changes. For instance, the output can suddenly
go from a negative value to a pdsitive value as the input
exceeds some value A. The output will then remain
positive until the input decreases below the negative of
the # value. A gate position controller generally
contains both of these parameters. The comparator
turns on when ¢, +f exceed a value which is known as
the dead band setting, {d}._it then turns off when d, —

h equals zero. In addition, the odtput magnitude (M} is
usually . set equal to the dead band setting, o. These
relationships can be expressed in dimensionless terms -
as: v :

and

For example, if the input sfgna! to the comparator bias
a maximum amplitude (X} of .1T00 mm and the
comparator output (M) is set at 45 mm then o, /X =
di2X = 45/200 = 0.225. o

The gain and phase angle from figur_e 17 are:
GAIN = 3{0.278) = 6.56
$p=-13°.
In terms of the describing furlgt'ion:

n =056(L—130

The stability of the overall system can be examined by
considering the focii of the —1/N, and G curves on a
Nyquist plot, figure 18. If the —1/M.and the G curves
do not intersect, the system is stable. If the —1/A curve

is enclosed by the G curve, the disturbances will

increase to some limiting value as determined by a

safety stop. Finally, if the curves just intersect, the
system will ‘exhibit sustained oscillations that can be
approximated by a -:sinusoid. The frequency is
determined from the G curve at the point of
intersection. The amplitude of the sustained
ascillations is determined from the —1/A curve at the
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same point. The application of these considerations to
the Coalinga Canal is given in the succeeding System
Resonance and Stability section.

Respanse of Water Level to Gate Mouemen_t

The response of the water [evel below the gate to gate .

movements can be approximated by a gain function.

Determination of the gain function is & trial and error’

procedure which requires a rather detailed knowiedge
of the hydraulic properties of both the gate and the
canal. The gain function is defined as:

AY,

M =76,

(30}

where
AY, = change in canal depth downstream
of gate, and
AG,, = change in gate opening
The phase shift for a simple gain is equal to zero.

The governing equations, in incremental form are:

AY; —AY,
2, — Y3}

£9 . L6, AL (31)

o

0 6, ¢

AQ

Ay, =2
YT e

(32}

AQ

AV, =— 25
2 T2 {V, +Cy)

Q‘J
and Y, — Y, = 2-ng2W-7'GOQ

where

A = mean cross-sectional area of
wetted prism
Cg4 = discharge coefficient
C;.Cy = wave celerity
oA
b=
G, = gate opening
AG, = change in gate opening,
approximates the dead band
= |ocal acceleration of gravity
Q = discharge
T{, T2 = top width of wetted prism
V = mean water velocity in canal

= Q/A
W = gate width
Y. ¥, = water depth in canal

The subseripts 1 and 2 refer ‘to locations uostream and
downstream of the gate respectwely

In addition to these equations, the variation of

discharge coefficient as a function of gate opening

must also be known in order 1o compute AC,. This can
usually be determined graphicaliy, figure 19.

Equation 31 can be solved for AQ by direct
substitution of equations 32, 33, and 34. However, this
procedure is cumbersome; a somewhat easier method is
1o approximate AQ by:

where
d = dead band

This value can be used in equations 32 and 33 to
determine. A¥, and AY,. Through iteration with
equation 31, the value of AQ can be obtained to any
desired accuracy. This procedure automatically
determines the value of AY; which can be substituted
into equation 30 to determine the gain.

As an examptle, for the second reach of the Coalinga
Canal the significant parameters are:

Tg' =13.56

‘1”1 =3.45 m
W=15.182

C; =4.84 m/s
2=1.98m/s
v, = 0.084 m/s

Y; =346m

=30.6m?
GO =0.168 m
71 =1402m
V., =0.070 m/fs
d=0.046m
gy = 4.62 m/fs
g=9.81 m/s?

Employing the.-trial and error procedure results in a
frequency response function of:

Hy =0.180 {38A)

¢ =00 {368)

Response Characteristics of Canals

Surprisingly little work has been dane to determine the
response characteristics of canals, In fact, most
textbooks on open channel hydraulics do not address
this topic. One of the few references that can be found
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concerns harbor reasonance by Ippen [4]. Although
his studies were for harbors, they provide trends that
are applicable to canals.

The desired response characteristics relate the motion
of the water surface at the downstream end of a reich
to sinusoidal motions at the upstream end of the reach,
Due to reflections from the downstream section it is
very difficult to maintain a sinusoidal variation in the
upstream water surface. Qne method which can be
used to achieve a sinusoidal variation in the upstream
water depth is to place a larye reservoir upstream from
the reach. Sinusoidal waves generated in the reservoir
are almost unafifected by what happens in the. canal
reach. Therefore, the waves in the reservoir tend to
create a sinusoidal forgcing function at the upstream
end of the canal which is unaffected by reflections
within the canal.

The change in water surface elevation in the canal with
respect 10 water surface changes in the reseyvoir can be
determined from the equation of continuity. It can be
shown that, peglecting resonance in the canal, the
change in elevation of the upstream water surface is
equal ta the change in reservoir elevation, appendix C.
Therefare, creating sinusoidal variations in the reservoir
wates surface is equivalent to a sinusoidal forcing
funciion at the upstream end of the canal reach.

The ratio of the wave height actually observed in the
canal to that created in the reservoir is called the
amplification factor, Experimental determinations of
the amplification factors are usually performed with
waves of various lengths in the reservoir. The period of
these waves in the canal is given by:

7'=_L_E -1
vV, f
where

L., = wave length = 2m/K

K =wave number

V, = vetocity of disturbance

f  =wave frequency

In canals, the velocity of the disturbance is given by:
A
Vy =NtV

far waves traveling in the downstream direction, and

(3BA}

A
Vd= 'gT—-V

{38B)

for waves. traveling in the upstream direction
where -

g = acceleration of gravity
A = cross-sectional area of canal
T = top width of water surface prism
V = mean velocity in cross section
V,; = velocity. of disturbance

In many canals the mean velocity is small enough to be
neglected in this approximate anafysis,

The results of ippen indicate that the amplification
“factors increase as the restriction to flow into the canal
increases {smaller gate openings}, figure 20. The
maximurn ampiification occurs when:.

kL =1
This is equivaient to a %requency of:
f, =V, /{2nL}
where

{. = length of canal _
£ =freguency in cycles per unit time
V,; = average velocity of disturbance

The next highest amplification occurs at a frequency
of: -

fi =36V /{2nL) {40)
The frequency response. for a canal will not be exactly
Vike that given in figure 20. The frictional effects will
reduce the magnitude of the maximum amplifications
and will cause the resonant frequencies to decrease. In
addition, a_total reflection of the wave does not octur
at the diwnstream end of the cenal due 1o the
downstréam gate being partially open. This too will
decrease the maximum amplification. “However, as a
first approximation to the resonance characteristics of
canals, figure 20 and equation 39 can be used, Either a
mathematical model or physical model of a canal
sysiem can be used to determine the exact frequency
response by application of the method outlined in
appendix A,

For example, on Coalinga - Canal
parameters on the second reach are:

the significant

Reach length
Bottom width
Side slopes

25368 m
=366 m
1.0 vertical to
1.5 horizontal {3:2)
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0.1
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Figure 20.—Frequency response of harbors, from Ippen [4] .

Target depth 345 m ' “Celerity of disturbance: ¢
Discharge ©934mis . i
' (Vy) =4.62 —0.31 =4.31 m/fs
Approximate top width of wetted prism: _ i -
(Vgla =4.62+0.31=493m/s
- 366+ (2 (1.5) (3.48) ] =14 mi '-

Fundamental resonant frequ%ﬁcy:
¢ 2 B0V fup) * Vu tgown))

o -, '
(3.66 + 1 AL

4) . 2 .
5 (345)=306m 60(4.31 +/4.93)
e A ismas o = 0.017 c/min
{4) (3.14} (2536.8}

Average cross-sectional area:

Mean velocity:
-Secend harmonic: !
9.34
V=§'6_5_=0'31 m/s £ o34 m=0061 /i
' "\ar ) 25369 - 0-007 c/min

Wave celerity:

. .
C= [9.81 X 30.§_:| i = 4.62 mis The response characteristics for the second canal reach
14 ’ can be approximated based on figure 20 and the




preceding computations; see figure 21. Referring back
to figure 3, thess characteristics are the response of
elements G5 and G, to sinusoidal variations of £. It is
assumed- that no disturbances:enyer at &,

Recent studies by Buyalski and Falvey [3] indicate
that the general shape of figure 21 is correct. However,
the higher frequency components are attenuated more
in an actual canal system. As a rule of thumb, the
amplitude of tne peak at a given frequancy is roughiy
hatf as large as the peak at the next lower resonant
frequency. u :

Determination of System Response Functions .

Open-loop response.—The open-loop response function
gives the amplitude of the feedback signat in terms of

—‘ .

L

Q.
©.0001

0.001 Q.0 01 (]

f {c/min)
Figure 21 .—Appraximate frequeney respanse, second reach,
Coalinga Canal.

Bt

sinusoidal variations at the upstream end of the reach.
Neglecting nonlinear effects introduced by the dead
band action at the ‘gaie, the open-loop response can be
determined from thEFCresponsé characteristics of each
element. The gain is abtained by multiplication of the
gains of each element. The phase angles:are obtained
by summing the phase angles. The results of this
progess for the second reach of the Coalinga Canai are
given (n table 1,

Closed-Joop response.—The closed-loop  response
furstion gives the magnitude of the cutput (C) in
terms of the input signal (/). The closed-loop function
can be abtained. from the Nichols diagram in the
foltowing manner, First, the values of the open-loop
function |GH| and ZGH are pIorted on the Nichols
diagrams, figure 22.

A'series of light {ines are superimposed on the Nichols
diagram. The closed-loop frequency-response curves
can be constructed by reading theé magnitudes and
phase angles on the light lines at *hose points where the
frequency is known. The results of this process for the
second reach of the Coalinga Canal are given in the
second and third columns of table 2. .

The mathematics upon which this procedure is based
results in frequency characteristics of a unity feedback
system, figure 8. However, in most canal cantrollers,
the response characteristics are. not equal to unity for
all frequencies. Therefore, to obtain the actual
closed-loop response, it is necessary to multiply the

Table 1.—Response Characteristics, Second Reach, Coalinga Canal

Frequency Controller’ Gate movement®

Water fevel® Can Open-logp®

c/min P ¢ e, 92

o

Pl @ Py IGHI LGH

0.0001 75.7
001 7.9
01 1.8
016 1.3
021 1.0
04 0.56
06 0.38
075 0.30
10 0.23

-89
—78
—~64
=71
74
—B1
T —84
-35
—86

Il md mml e b ek el el
DoDopoOoSoooco
ooocooCcoDoOo

0.18

13.6
1.42
.45
0.58
2.20
0.081
0.109
0.434 | -
0.033 |’

1.0
1.0
14
2.5

-89
-78
—64 o

=71
—74
—81
=84
-85
—86

.18
.18
18
.18
.18
.18
.18
.i8

0.8
1.8
7.9
0.8

coocoocOodoo
CooO0CODOoODOO

! Combined response, P., from figure 12.
% Etffect of dead band is neglected.
* From equation 36.
4 From figure 20.
# Amplitude = IH, H, H, G|
Phase angle = ¢, + (&'31 + ¢, +¢1k
& All angles are in degrees.
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Figure 22.—Open-ioop Tesponse, second reach, Coalinga Canal.
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Tablte 2.—Closed-Loop Response, Second Reach, Coafinga Cana!‘-‘"\.

Frequency —f Ciosed-loop response Reciprocal of Clused-loop response

c/min unity feedback' feedback response” netunity feedback?

IF/CI TLIF/C) /K —~/H IR LIC/R)
0.0001 1.0 —4 0.013 89 0.013 89
.001 0.75 -32 . 0.127 78 0.095 43
01 - 0.33 48 0.565 84 0.19" 16
016 0.44 —47 0.781 71 0.34 24
021 0.82 —22 0.980 74 0.80 52
04 0.08 -80 1.77 81~ 0.14 1
.08 0.11 -78 283 - ~THA 0.29 5

075 0.38 —63 3.28 57 B5 1.26 . 22 p

10 0.03 --86 4.35 - B& 0.13 ¢ 0

' From figure 22. . _ T

2 1/H = (H HyHy )! " | p
~LH=—9. -6, — &, : :

*ic/Rl = IF/CI/H S
LCIR =LFIC—/H . i

4 ANl angles are in degrees. ‘ ' =

results just obtairied by tha reciprocal of the feedback

RS respense, figure 6,

N 100 -
I Application of this procedure to the second reach of a0 ’
the Coalinga Canal results in the tiue closed-toop vy \ "
R response, table 2 and figure 23. it can ba seen that the o B0 :

_ canal is sensitive to disturbances having a frequency of o ;10 —\ fa)
ol about 0.075 cycles per minute (4.5 c/h}. The ampiitude T \ r\ : {
. of the resonant peak is @ result of the method used to zo et -
estimate the response characteristics of the canal. This | \l’ U \.J
peak probably is of a lower amplitude in the actual o v
canal, - A |

System Hesonance and Stability o

Very frequently the concepts of system resgnance and
. system stability are used interchangeably. Strictly
NRER speaking, resonance refers to sustained oscitlations that
occur at the maximum value of the closed-loop
frequency response. Instability, on the other hand,
refers to oscillations which increase in magnitude until
something in the real system fails; The stability of a
system depends upon the system itself and is not a
function of the amplitude of the input to the system.
In analyzing a system;—both the resonance
characteristics and the overzll system stability must be
considered. ‘

: I -
RESONANT PEAK ‘ 4
f30.075 ¢/min. I

APPLIFICATWDNHES\ A

AMPLITUDE, P

f!i
/—/ ¢
o .

(020« A TR Vs o] 0.gl a.!

System resonance.—To examine resonance, the entire FREQUENCY, CYCLES PER MINUTE

system must be considered with regard to disturbances

which could have frequencies neasr the resonant

freqyency. The most likely sources of disturbances are Figure 23.-Closed-loop response, second reach, Coalings
turning off and on of deliveries at regular intervals, Canal.




incremental gate operations as a result of dead band
actian, and fluctuations originating outside the reach
under consideration. OF these three, the dead band

action could be the most critical. Its effect is relatively

constant at all discharge values,

The eifect of dead band on the system resonanceé can
be itlustrated by the second reach of the Coalinga
Canal. Using the previously given canal parameters and
gquation 28, the maximum freguency induced by the
dead band is 0.0063 c/min for a discharae of 2m™ /s,
Increasing the discharge to 7 m"/s only increases the
maximum frequency to 0.0065 c¢/min. From figure 23,

it is obvious that this and all lower frequencies will not

excite the reach into resonance. If, however, the
cantroller GAIN had been increased 1o 29, the dead
band action would have caused the reach to resonate at
0.075 c¢fmin. This could have created a resonance
problem.

Systemn  stability.—The system stabifity can  be
conveniently analyzed with a Nyquist plot. The real
and imaginary values are computed from the open-loop
characteristics using }

Re = GHicos LIGH)
and

im = GHisin LIGH),

tuble 3. 11 is clear for the second reach of the Coalinga
Canal that the locus of the open-loop transfer function
neither encloses the stability point (-1.0) Zhor
intersects the locus of the dead band response
function, figure 24. Therefore, tiie second reach is
stable and it will not exhibit sustained oscillations due
to nonlinearities introduced by the dead Land action.

Table 3.--Stability of Closed-Loop,
Second Reach, Coalinga Canal

Frequency, 'Re
c/min

0.00017 - 0.237
.0o1 295
.o .187
.016 .189
021 .606
.04 013
.06 011
.075 .038
10 .002

"Re =|GH| cos £ {GH)
T tm = [GH sin L (OH)
Values of |GH| and £ {GH) from table 1.

Design Recommendations

In many cases, the designer is concerned not with the
frequency response, but in the response of a system 1o
transients. Ogata [7] recommends that the
amplification factor for the closed-leop response
shouled lie between 1.0 and 1.4 for satisfactory
transient response. This corresponds with an effective
damping ratio of 0.4 to 0.7. For ampiifications greater

than 1.5, several overshoots will occur when a step

charge is input into the system. Additional topics on
design and compensation technigues can be found in
the appropriate chapter of Ogata [7] .

In the case of the Coalinga Canal, the closed-loop gain
at the resonant peak is 1.25, figure 23. According to
the design recommendation, this gain is acceptable. In
general, the determination of acceptable values for the
amplification, resonant frequency, and dead bandsis a
trial and error process. For each trial, parameters are
chosen to develop a controfler response curve as in
figure 12. Then the required computations as outlined
in the previous sections are performed to determine the
frequency response and stability characteristics of the
system. When acceptable control parameters are
developed, they must be tested in a mathematical
model . which simulates the operation of the entire
canal system,

For the second reach of the Coalinga Canal, the chosen
values of gain, reset, and filter time constant’
apparently resulted in satisfactory transient response
characteristics. This indicates that the canal frequency
response  characteristics may have been estimated
accurately enough for these computations, An accurate
evaluation of the frequency response characteristics of
any canal reach is very difficult to perform in the field
because the output of the contraller is influenced both
by changes isi the reference. input and by disturbances,

see figure 3.

In general, two means are available for determining the
canal frequency response characteristics. The first
method involves changing the water surface elevation
upsiream of the reach and observing water level
changes in the reach. This method is oriented primarily
for use with mathematical simulations. For this
method the controller must be disconnected and all
gates positioned so that * they represent some
steady-state flow condition. Usually a step change is
employed, The duration of the step must be chosen to
produce all of the frequencies of interest. [n general,
the duration of the step should be less than (27,,,.}"".
If the maximum frequency expected ' is about
0.1 ¢/mir, then the step duration must be shorter than




LOCUS OF DEAD-BAND
RESPONSE FUNCTION, —%

LOCUS OF QOPEN-
LOOP RESPONSE
FUNCTION

Figure 24, —Stability analysis, second reach, Coatinga Cunal.

5 minutes, A computer program called MFRES has -

been developed to calculate the frequency response of
a canal using this method, see appendix A.

The second method involves the superposition of
sinusoidal variations in the upstream water surface on
the normal operation of the system. The response is
determined for each frequency through the use of cross
correlations between the sinusoidal input and the water
surface changes in the reach. This method can be

applied to operating systems without interrupting the
process. Since only phase and amplitude vary as the
impressed frequency varies, the process of cross
correlation can be appiied successively to each canal
reach even though only the most upstream pool is
variqd. The disadvantage of this method is that only
one " frequency at a time can be investigated. A
computer program called HFCOV has been developed
to determine the amplitude and phase characteristics
for any inputted frequency, see appendix 8.
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APPENDIX A

DETERMINATION OF SYSTEM FREQUENCY RESPONSE CHARACTERISTICS
FROM INPUT AND OUTPUT SIGNALS

The “irequency response of a system is defined as the
ratio of the Fourier Transform of the output from the
system to the Fourier Transform of the input to the
system, Mathematically:

Gff} = .

G{f) = frequency response
Y{(f) = Fourier transform of output
X(f) = Fourier transform of input

The systemn can be represented schematically by a
block diagram.

INPUT
—_—_—

x{t)

QUTEUT

.

y(t}

SYSTEM

For analysis with a digital computer a special form of
the Fourier Transform must be used. This form is
called a discrete finite Fourier Transform and it is
defined as:

o= pN-1
Y3 oAT . :
X(mdf) =—-T—- x{nhTl e ;277{;?_7&;"] (nAT)
n=o

m=0,1,... /1

AT
be written as:

. 1 o
Since AF =7v,——- and T = NAT, the expression can also

n=N-1

=_;{_I, E X(HA[') e 12mmnn N .

=0

‘From :th*; pxpression it ¢an be seen that the lowest
. frequeiicy that can be determined is equal to:

1

T . =1
fmin T NAT T

Therefore, in any analysis, the sample time must. be
long enough to determine the lowest frequencies in the
signal.

The highest frequency that can be determined is:

f =<§> AF = (20771

Therefore, the time interval between samples. must be
chosen so that:
AT = {2f, o

HH].\:]

For example, if one wishes to determine the frequency
response of the first reach of the Coalinga Canal, it is
necessary to determine the Fourier Transforms of the
input and outputs to the canal. Using the computer
requires that the input and output signais be digitized,

The frequency range of interest is:

Furi = 0.001 c/min -
frax = 0.5 ¢/min

_ For this range,_tﬁe” sample time 7 must be: -

T=F ' = 1000 min

min




and the interval between samples must be:
AT = {26Vt =1 min

The number of samples is therefore:

I .
N=7==1000

The computer program works only on radix-2

numbers of input, that is, 2 to an integer power,
Therefore, the number of samples must be adjusted to:

N=210 = 1024

This adjustment causes the lowest frequency analyzed =
to become: -

1 1 .
foin = NAT (1024 % 1) = 0.00098 ¢/min
To determine the frequency response of a system any
type of input signal can be used. That is, it can be
periodic, random, or a transient. However, it must
contain all frequencies of interest. Jenkins and
Watts [5] show that the frequency response is equal to
the Fourier Transform of an impulse applied to the
system. )

Therefore, a simple means - of determining the
frequency response is to input an impulse into the
system and then transform the output. An impulse is
created by setting all input signals equal to the same
value except for the first value.

If the system being analyzed is linear, the frequency
response is unique. For nonlinear systems the response
is a function of the input. Since canals are nonlinear
systermns, the frequency response can be expected 1o
vary as the discharge in the canal is varied.

Therefore, the recommended method of determining
the canal respanse is: -

® Estsblish a discharge in the canal

® Cause the depth upstream of the reach under
study to undergo a step change at £=0

® Set a new discharge.

The |atter two steps are repeated for the full range of
discharges anticipated.

To facititate the determination of the
frequency-response characteristics of a system, a
computer program called HFRES was developed. The
listing which follows includes instructions for its use.




Tarlh OPT=1 FTN w.B+429 77705727, 131.13.24

PROGRAH HFRES(HFSIG,PLFILE.QUTPIT,TAPEI=HFSIG, TAPES=0UTPUT)

THIS PROGRAH DETERMINES THE FREIUENGY RESPINSE OF A SYSTEHM.

FREQUENCY RESPONSE IS DEFINED A5 THE RAFLID OF THE FOURIER
TRANSFORM OF THE QUTPUT OF A SYSTEM TO THE FOURIER FRANSFORM

OF THE INPUT, THE FREQJENGY RESPONSE OF A SYSTEM IS UNIGUE

TF THE SYSTEM IS LINEAR. IF THZ SYSTEM IS5 NON=-LINEAR, THE
RESPONSE DEPCNDS UFON THE INPUT. TAE FREQJENCY RESPONSE GIVEN

6Y THIS PROGRAH IS [HE CONTINUOUS DOUBLE-SiDED INTEGRAL
TRANSFORMa _ ALTHOUGH, ONLY POSITIVE FREWUSNCIES ARE PRESENTED IN
IN THE OUTPUT. TO OBTAIN THE SINGLE-SIDED DISCRETE SPECTRUM
(AMPLITUDES ANO PHASES OF A SINZ SCRIESH IT IS NECESSARY

TO _NULTIPLY THE AMPLITUDES BY 2,/ (HOUT*DELTH.

TO DETERKHINE THE FREUUENCY RESPJONSC OF A SYSTEHM, THE INPUT
SIGNAL MUST HAJE A FREQUSNCY SPZ3TRUH IN THE RANGE OF INTERZST.
ONE GODD JNPUT SIGNAL IS AN-IMPJLSE, THE IMPULSE HAS DNE

FIXED VALUE AT ZERO TIME AND ANJTHER FIXED VALUE FQR ALL

OTHER TIMES. AN IHPULSE WHICH PRODUCES A JNIT AMPLITUDE

AT ALL FREGUENCIES CAN BE ACHIE/ED 3Y MAXING THE ZERD TINE
JALUE EQUAL TO L./DELT AWD ALL ITHER AMPLITUOES EQUAL TO

ZERD. LF_TYHE INPUT IS AN IMPULSZ.YOU MUST INFORHM THE COHPUI:R
THROUGH THE =IPULS:S- PARAHMETER.

IF 9OTH _THE INPUT AND OUTPUT SIGNALS HAYE A NOISE COMPONENT,

THE TRANSFDRMS WilL INCLUOE A TRANSFORM OF THE NOISE. TD
HMINIMIZE THISy A NUMUER OF RECDIIS CAN 3E TAKEN AND THE ESTIMATES
OF THE INPLT AND QUTPUT TRANSFORINS AVERAGED BEFDRE THE FREQUENGCY
RESPUNSE“IS"DETER INED,

THE INPuT_GONSISTS 0=, THE FOLLOAINGS
NIN= "THZ 'NUHBER OF DATA POINTS DEFINING THE INPUT
NOUT= THe NUHBZR OF JATA POINTS OEFINING THE QUTPUT
90TA OF THESE YUST BE RAJIX~2 NUMDERS, THAT IS,
2 RAISED TU AN INTEGER POWER GREATER THAN 1.
NAYG=- THE NUMBER QF TIMES THE SIGNAL WILL B3E REPEATED
TO GET AN AVZRAGE
DELT~ THE TIME INCREMENT BETWEEN DATA POINTS
IPUL3E~- IF THE INFUT I35 AN IHMPULSE,SET THIS =1
OTHERWISE SET =0,
"IPLOT= 'IF ND ALOT IS DESIRED SET = 0
IF A PLOT FILE IS DZSIRED SET =
IF A MIGROFILM PLOT IS DESIRED SET =

THIS INPUT MUST Dt READ IN A 3L4FBeus2I% FORMAT.

THE NEXT DATA IS THE INPUT SIGNALs FOLLOAEZD BY THE OUTPUT SIGNAL.
80TH OF THESE ARE PEAQ WITH A 10FB,% FORHAT. EAGH ADDITIGNAL

SET OF INPUT AND OUTPUT OATA HUST START ON A NEW LINE. THE QATA
IS INPUT FROM A FILC CALLED HFSIG.

THE QUTPUT COCNSISTS OF
THE INPUT DATA
THE FREQUENGCY ~ESPONSE DATA
A §-0 B80DT PLOT OF THE OUTPUT USING DISPLA SQFTHARE

[
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c
c
c
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c
c
c
c
]
c
C
c
c
C
A
c
c
C
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v
G
c
c
c
c
c
[
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c
c
c
c
c
c
c
c
c
c
c
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SUBROUTINE BODEPL Turth OPT=1 FIN 4,64+428 77705727+ 13.13.28

ROUTINES TO HEAVY UP 3-D PLOT CIRVE

DD 2 JT1mL
2 YY{JI= 1.040%YY s
CALL CURVIDEXX4YY 2Nl 0}
00 3 J=1,NL_
I OAKCIYS 1,010%XX{J)
CALL CURWIDUIXX¥Y4Z4NLoO)
09 &_J=1.NL_
b I{Jdr= 1e01%ZLD)
CALL CURVIDIXX,¥Y ZyNL Q)
005 Jdei N
5 Zidr= Ziurzi.m
CALL HEIGHTID.19}
CALL GRFITEC(Doo00un0apBrslavBesOnpIanlal

PRUJECTION ON XY PLANE

CALL TITLE(Q, 0,“FREQUENGY (WIE%,100,“AMPLITUDE AS™s 10076, 264)
CALL LOGLOGIFHINGXCY,AMIN,YCY)
CALL GRICU141)
CALL CURVE(X,¥yNL,0)
_5GALL END3GRI1)
“CALL GRFLTI(0+sp6s90us6ssbas0uyborbesdal

PROJECTION ON XZ PLANE

CALL LNTAXS
CALL TITLEID,D,040,"PHASE (A8 4 10346a43,)
GALL %LOG(FMEN,XCY o 0,41204)

CALL GRIODIL,4)

CALL CURVE{XsZaNLo0)

CALL_ENDIGF(2)

GALLLENDPL(Q)

CALL GONEFL

RETURN

ERD
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FRcau;ncsz;spanse OF SYSTEM
(B0DE DIAGRAM)

THE FREQUENCY

FREQ
HZ

0.0460
e03C
« 078
«117
156
«195
v 234
«273
«313
« 382
391
0430:
469
208
47
«D86
+ 025
«0E%
« 703

_0742'
o781
«820
«d8E9
o893
+933
«977

1.0186

1,055

1.094 .

1,133

1.172

1.211

1.250

- 1e289

1.321%

1.367

1.54056

1eltle5

1.484

1.523

RESPONSE

AMPLITUDE

+341E+D1
+397E+(1
oB831E+01
B0C+0L
s189c+(01
+B833c+iG
«42BE+GD

#2L1E+00

+171E+0D
¢175E+GD
«207E+00

245400

+ 282E+00

«319E+CH

« 3572400
«338E+00
-“#3;*00
.#90L+Eu
«Sofic+00
«B41Z+00
o749 ¢
«202c+00
ellut+ll
+155E+01

- e2492+01

sES2E+01
«902E+01
«270E+01
+155E+G1
«107c+C1

- «812E+040

«BLAE+]D
«530E+0E
wOASLE+D]
« 332400
« 3432400
s 303E+00
oZ?ﬂEfUG
“QEQSE*UG
2205400

COMPONENTS

PHASE

DES

G.000
3.951
B.190
193,039
' 109 D31

S 308.357

325. 260
33%.481
346.70B
351,855
355,733
358,386
1.691
4,353
Beli9
3,078
9&8&7
114496
13.040
144316
15,343
17.231
188.501
199,713
200.893

2024001

203.37%
2044104
205.037
2064034
206.308
207.753
2084546
29,285
289,964
210.a203

SHEET

L OF 2




THZ FRcQUENCY RESPONSE COMPONENTS

FrRed
HZ
1+563

1.602
1.641

1.680.

1.719
1.7548
1.797
1.336
- 1.87%
1.914
1.9%3
1.992
2.031
2.070
24109
24148
2+188
2227
2+26%
24305
2344
2. 383
2422
2461
24500

AMPLITUDEC

»200E+0D
«182E+00D
«157LE+00
+153E+060
s1G1ir+00
«131E+00
«121E+00
«112E+00
»104E+00
-9715-01
«906E~(Q1
W B47E=-D1
+793E=01
s FU3E-01L
+H93E~01
+BETE=QL
06215‘51
+5849E-G1
eS5B0E=Q1
«536E~-01
«216e-01
2500E-01
LBIE=1

© o4B82E=01

«B80E-C1

PHASE
DES

2il. 1064
211,557
212,377
212, 424
2124 6462
2124804
212.851
212.778
212.571
212.236
211.71%
2104936
210,206
209.140
207.777
206,196
2044¢ 347
2024213
199,735

197 . 044

134,053
190.73%
187.324%
183.701
140.3010

SHEET

ARE
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APPENDIX B

DETERMINATION OF FREQUENCY-RESPONSE CHARACTERISTICS
AT SPECIFIC FREQUENCIES BY SUPERIMPOSING A SINUSOIDAL
SIGNAL ON THE PROCESS SIGNAL

The principal behind this method invalves inputting a
sing wave into the system and measuring the output
from the system. From these measurements, the
amplitude and phase shifts for the inputted frequency
can be determined, If sufficient frequencies are tested,
it is possible to construct the frequency-response
characteristics on a Bode diagram.

The amplitude of the input signal must beé chosen
carefully. If it is too large, the system will saturate.
That is, the output will not be proportional to the
input near the peaks of the sinusoidal wave, In fact, in
some cases the output can be c¢onstant as the input
continues to follow the sinusoidal variation near the
peak.

On the other hand, if the input signal is too small, the -

dead bands in the controller wiil completely eliminate
the effect to the sinusoidal input.

A sinusoidal variation can be input into a reach in two
ways. The most practical method is to mix the
electrical output of a sinusoidal generator with the
signal being input into the comparator element of the
gate positioner. The second r.sthod is to introduce
sinusoidal variation in the water surface upstream from
the reach. If certain conditions are met, this method
will produce a stnusoidal input that is not influenced
by disturbances that occur within the rteach,
apoendix C. The upstrearmn variations can be created by
propey cycling of & supply pump, etc.

A system under operation does not have to be stopped
1o perform this type of test. in fact, this method is
designed to be used with operating systems. The theory
is based on the assumption that the /sinusoidal
variations and the process signals simply add together
to produce the resultant output signal. Through the use
of cross correlations, it is possible 1o determine the
amplitude and phase shift of the cutput signal.

Assume that the input and output sinusoids are given
by:

Sty = £, sin {wr + &)

Eou.r sin {wr +8;)

Saur (t} =

The output signal, which is a water depth in the case of
a canal, consists of the output sinusoid and the process
signal (C=S,,, + N

The cross corretation ¢ between the input sinusoid and
the output signal equal: '

¢ =€ HEpy HwT +0)
where

8=0, -8,

1f this function is made d1men510n|ess by dividing by

2
£, then

¢o = EC.DMI

mn

cos {wr +0)

The £,,,/E;, ratio is the desired amplitude ratic for
use in the Bode diagram and 0 is the corresponding . ...
phase angle. -

The £,,,:/E;, ratio is the maximum value of the eross
correlation function and the phase angle is determined
from the first point {r= 0O} by:

E:
I
8 =cos?! z o)

out

A computer program called HFCOV has been
developed to perform the cross correlation. The listing
which follows includes instructions for its'use.




TL/T4 0eT=1 FTN &4,E+429 TT/35/27. 14412.30
FFCGFAPF HECCY (HF SIG, QUTAUT, TARE3=HFSIG,TAPES=CUTPUT}

THIS IS 6 PROGPAM TO CETERKINE THE CO~VARIAKCE FUNCLTIOM AND THE
CO~SPFLT=Ul CF TWY SIGNALS X AND Y. FEACH SIGKAL IS OEFINEC a¥ A
HFERIRT OF OATA POINMTS AZGINNIMG AT TIMES A AND 3 FROM SOHE
REFIREMCZ TIME. THE TOTAL NUNAER GF DATA POINTS DFFINIKG 40TH
SERITS MUST'BE .ESS THAN 2048, THr PROGRAH IS BASED ON METHOCS
CUTLINEU IN THT BGOK:

AkIGHAH, E4 Qs

THE FAST FCURIZR TRANSFORFK

PEENTICE HALL.ING.

197u., 252FF.

THE INFUT GCONSISTS OF THE FOLLOWINGS
A= THE TIME DISPLACSHENT FFOM A PEFERENCE FOR THE X=-SERIES OF DATA
B= THE YIMC OISPLAGEMENT F20F & REFERENCE FQOR THE Y=SERIES OF DATA
HP= THZ KUMBER JF DATA POINTS CEFINING THE X=-SERIES
FQ@=- THE RUMBLR CF GATE POINTS CEFINING THE Y-SERIES
CELT- YHE TIME INCRCEMENT AETWEEN DATA PQOINTS
THIS INPUT HUSY BE READ AGCDRCING TO THE FORMAT
2FRs ke 2Tk Floy

. THREZ TYF:ES OF 'GOMPUTATICNS CAN 22 MADF
1} THE CO-VARIANCE FUNCTICK
2) THE CFOSS-CORRELATION FUNCTION
{GO~VARIANCE AVERAGED ANO MADE QIMENSIONLESS
31 SIGNAL DITECTIOMN WHERE THE X~DATA ARE A SINUSCIGAL INPUT
“ANC THz Y=-DATA ARE THE OUTPUT (SINUSOIL PLUS NOISE)
FCF JCTAILS OF 3%, SEF

LEE YuH.
STATISTICAL THEORY OF COMMUNICATION
JOHN RILEY AND SONS
fase, st9 PP,

CHOUSE THL TYPE OF A“ALVSIS DESIPED 7Y INPUTTIKG 1, 2, OR 3
FOR NTYP WITH AN Iy FOPMAT,

THE. X=SERIES AND Y=-5ZRISS DATA AFE RtnD\IN A 10FBe& FORMAT HITH
ALL 'OF THZ X=SEILES DATA IS HEAD FIRST, rOLLOHrD ALL DF THE
Y=55°1c5 DATA.

THE DATA IS INFUT FROM &4 FILE CALLED HFSIG-

THZ GUTPUT GCONSISTS OF
THE INPUT 0ATA
THE TQ=5SPECTPUK AND
THE CO-VARIANGE OR ZROSS5-CORRELATION.

in

c
c
[
>
c
c
C
C
=
c
c
c
[
c
[
G
c
G
s
H
C
c
<
C
H
c
4
C
C
L
=
C
c
6
c
c
c
g
[
[

OIMENSION N(ZDQBI[V(ZORBI|ZklEDbBI'ZI(ZERBP.AHPIZH&GI;PHIIZU&B!

INPUT CF DATA

[y E T Rl

READ (3 ,11R,8,NP,NQ,DELT
1 FORMAT(2FBa4,210L,FBab)




PROGRAM HFCCY Tertn OFT=1 FTN 4.EBtw21 FT/05/727. 14.12,340

READIILISINTYP
FORHAT (140

READL3 20 (X{I),I=1,NP},(Y(I),I=1,NQ)
FORMAT [10FB,5)

K="

IF{ZOF131129,3

k=1

o 1O 27

QUTPUT OF INPUT DATA

D

3 HRITELS,UIR 495 KE (NOyOELTHNTYPSNP y (X1 T)oI=1,NPY , (¥ {T)4I=1 (NO)
4 FORMAT(1H1, 39X, 10HINPUT JATA/

127X, Z7HTINE OFFSET OF FIRST SIGNAL ,FB.4/

226X+ 2AHTINE OFFSIT OF SZCOND SIGMAL oFB.4f

324X, ITHNUHBER CF OnTA POINTS IN FIRST SIGNAL ,I4/

«23¥) 3EFNUAGSEP GF 0ATA PILNTS IN SECOND SIGNAL T4/

S37H THEILTA T ,FB.4 7

AJBEX 13FANALYSIS TYPE ,13/

77 27K, E9HAWALYSIS TYPE L = J0-VARIANGEZ

C27 Xy 3EHANALYSIS TYPE 2 = GROSS-CARPELATION/
DE7XyILFANALYSIS TYPE I = SIGNAL OETEGCTLION 27/

622X 4 IHTHS FIRST, I~y 33H DATA PCINTS AFE THE FIRST SIGNAL 7
72T7%y JEHTHC REHMAINDE® AFT THe SEZCONG SIGNAL /

(AKX LCFA. T} )

COMPUTATICK CF N

K=nPeNG=1

bo 5 I=1,12

NGK= 29¥=T

IF{NCK.GELNIGG TD &

IFINCK.GT+2048)50 TQ 7
S CONTINUE
6 N=NSK

GC Ta ¢
7 HRITZ(2,A)
8 FORMAT (LML, J1(,27HNP+NO=1 CANNOT EXCEED 2048. 7

124Xy «1HPLEASE YERIFY YOUR NUNHBERS OF INPUT DATS. )

CoLL EXIT

GOMPUTATICK CF £MS VALUZS IF NTYP = 2

IF (NTY2.EQ.11G0 TO 347
SuMY = q,

SUMKX= D.

Surr=s ¢,

SUMY Y= 3,

WO 3L Ts1.N

SUHZ = SUHX+X(T) )
SUMXX= SUMXXeX(I}*X{I}
SUHY = SUMYeYII}

SUMYY= SUSYY+Y(I¥*v(I)
CONT INYE :

SX= SURT(SUKXX/FLOAT (NR))
S¥= SOFTESUHYY/FLOATINQ)]
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RENOVAL GF € CLHPONENT IF RTYP =

IF{NTYF,2Q.236C T 17
XMEANS SUHX/FLCAT N
YHEANE SUNY/FLOATIN)
00 42 Is1,N

X{Tt= X{I)=XMEAN
YIT)= Y{I}-YMEAY

CONT INLE

UISPLACERENT GF X SIGNAL TO LEFT HAND SIDE OF THE N PDINTS

ML= MPs+1
XNEX= 0,

- 00 18 I=si,.N
TFIKIT}, GE« AFAXTXMAN= XU I
IF(ILOELHD) X 0T Qoo ..
CONTINLE

PUACEMENT OF ¥ SIGNAL T9 GET CORRECT FHASE ANGLE

TL= (B=R)/DELT+0.3304
WRETTFTIYITOY
KNIN= F/N
HP1= MHIN#1L
KTST=" KNTH*N
NHAX= MP12N
HHDAX= M+NG
TR G HTS T AND W HHAX L LE. NEAXDIGO TO 11
NO1= MFAX=-NMAX+1
KOMN= NO=-NO1#1
NOTT =" K=-NOHK+1
DO 39 I=1i,N
J= NOL+I=-1
TFILVCE« ROMBY ZRUIV= Y ([ J)
IFtIGCT. KQANI ZREI = G,
Jz I=HNATT+1
IFILGE.NQTT#2R{T)= @,
CONT TNUE
GO0 TQ 48
OIS ISON
J= =M
JL= 4+NQ
IF(IVLEJHIZRIITZ @,
IF{L+GTaMI2RII)= YT}
IFtI.GT.JL)ZRII)= 0,

3B GONTINDT

4« GO 41 I=1,N
filr= ZR(I)

&1 CONTIRUE

FORAARE TRANSFORHMATION TQ CONOUTE CO-SPECTRUM IN POLAR FORM
CALL HFFFT(XyY4N,1)
HP2= N+

00 17 I=1,H
IFITWEC.4)GO0 TO 3¢
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IR(I) = {XLIIPYINPE~T)+ X(HPEZ=T1"Y (1)) /2. *FLOAT (N}
L= = (I * XTIV =X INP2-T1 ¥ N{NP2-1} FTCIV* ¥ 1] -
IVINP 2=10 *Y L KP2-111) #l o *FLOAT (N}
GO TO 13 )
30 FROLY= XLLI®Y (L) *FLDAT (M)
It G,
13 CONTINLE

COMPUTATION OF TIME DISPLACEMENT FROM PEFERENGE TIME

(S Ny N B¥]

Ti= 8-4
COMPUTATTON "OF TH-SPECTIA FREGUENCY, ANPLITUOE, AND PHASE

[y Xy X4

PRO= OELT*FLOATIN)
NO= N/Zet

DO 16 I=1,NC

AU (T1= SORTUZR{TII*ZRIII+ZI(II4ZI{I})
TFTWGETZVARPCTIZ 2, %8MP (1} )

CELA= (aauli ’
IFCASSIZIMIN A GT OELALENDLASSITIR(I) ) o6T,DELAIGE TO 14
PHICIY= 50

IF{IFLIVN.GT,.OFLAIPHICI)= D,

IF(ZIMI).GTLDELAYPHILI)= 9p,

IFU7EI) JLTW=DELAYPHI(I)= 18D,
IF(ZILTNLLT,.-CELAYPHI{I}= 270,

2Ttl)= =711 0)

GO o 18

FHItTY= S7, Z9R*LTANZ(ZTICI) ,ZR(T))
IFEHIMI) L LTa0IPHICI)= PHI{T} 4360,

CORTINGE

GOMPUTATION OF SO=VAPIANSE TIME AND SPECTRAL DENSITY FREQUENGY
CO 13 I=1,N

XUIV= TL4OZLT*FLOATII=1)

YED =" FLCAT(I=1) /PRD

GCONT INUE

COMPOTATION OF {O-VARIANGE

[+ NS X'y

GALL HFFET{Z2h 421 4Ny=1)

COMPUTATION OF CPOS%=CORRELATIODN

Lr a4

TFUATYELNZE, 2360 TD 32

FRNCP= hQsNP

LO 33 I=1,M

ZRATI2 2, %2R{TH/ (RNOP=SX*SY)
CONT THLE

STGHAL DZTECTICN
IF(NTYF.NZ,31GO TO 3n

ZPMAY= 7,
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TA/Th 03T=1 FTH 4.&+a28 TPr35/727. 14412430
SUARTUTENE HFFFTEX,Y,N,LT)

THIS SUBRGUTINE COYPUTES FORWARG AMO INVERSE FOURIER
TRANSFLI»S USING FFT TEZHNIQUES,

MGOIFLZT BY GuBe TLETZF 2757 7%
AND RY  He7. FALVYEY 37104775

THIS TRAKRSFCPNY USES THE NOJOLEY-TUKEY ALGORITHM TO DETERMINE
THe 2LAL ANG IHAGINARY COEFFICIZNTS IN THE FREQUENZY=QGHMAIN
LRL THE AMPLITURE AND TIME VALUES IN THE TIME=COMAIN, THE
FORTRAM FELGRAN IS A GONVERSIDM OF A BASIC PROGRAY PURLISHED
IN

RICE PaKoy SP EQ UP THe FAST FOURIER TithFtFH

TLICTRECHIN DESIFN 7

ADR 2B, 1971 &PP,

THE  TRAMSFCRM RCQUIRES RALIA-Z TATA {2 TO AN INTEGER POHCR).
B0TH "FCIWARD (TIME=-DOMAIN TQ FEEQUENCY=-DOMAIN) AND INVERSE
{FFEQUENCY-CCMAIR TQ TIMI~DOMAIN} TRAKSFORINS CAN BE PERFCRFED,
THE GATA IS ASSUMED TO 3E IQUALLY SPACZ0 AND REPETITIVE AFTER
L PIRICG "3F N GATA PGINTS. THE DATA INPUT AME OUTPUT FOR THZ
TAG DIFZCTIGNS OF THZANSFUOPHMATICN ARZ AS FOLLGHS!

FORAARC-TRANSFCRYa .. THE REAL DATA IS INPUT THRCUGH ARRAY A, THE
IHAGINARY DATA (IF Ay} IS INPUT THROUGH ARRAY Y. THE .
REAL "CCZFFICIERTS (COSINS THANSFORH) OF THE FREQUENCY-00HAIN
SERIZS AQE QUTPUYT IN THY ARXRAY X. THE IMAGIRARY COEFFIZIENTS
(SIMS TRANSFORY) OF THEZ FREOUENSY-DOMAIN SERIES ARE QUTPLUT [N
THE ARFAY Y, THE DUTPUT IS ORCEFED FROM ZERD FREQUENCY TD THE
BRST FRSITIYS FREQUENCY (ARRAY YALUES 1 THRU N/2+1) AND FRGHM
THE YCST MEGATIVE FPEQUENCY TC THE ZERQ FREQUENCY MINJS ONE
TAESAY VALUZS N/2+1 THRU N}. THE NUMBER OF DATA POINTS MUST
9F INFUT THRU TYE PARAMSTER N. FOF THE FORWARC TRANSFORM

SET IT=1, THE CRIGIMAL OATA IS LOST.

INVERSILTRANSF CRM, THE DATA I3 INPUT THROUGH THE ARRAYS X AND
Y. THE REAL TEIMS (COSINE TRABSFORMS) ARE INFUT IN X, THE
IMAELNARY TERMS (SIHE TRAWSFOIMS) ARE INPUT IN THE ARRAY Y,

THz INFUT HUST 3E CRGERED 1IN TH. IDENTICAL SEQUENCE AS GIVEN
ADOVT FOP THE DJTPUT. THE REAL VALUES OF THE TIFE-OOMAIN

ARE STYCRLC IN THE X ARRAY. AND THE IMAGINARY VALUES IN THE

Y ARRAY, THESE YALUES ARE IRDERFO IN TERMS QF [ACREASING TIHE-
FOR THE IHVERSE TRANSFORM SET IT==i,
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APPENDIX C

RELATIONSHIP BETWEEN WAVE HEIGHTS IN A RESERVOIR
AND WAVE HEIGHTS IN A CONNECTING CANAL

The change in water surface elevation in a canal with In the canal, the change in discharge due to a sudden
respect to water surface changes in a connecting gate movement is:
reservoir can be determined from the equation of

continuity. AQ =AY, BV, +C)
The discharge thraugh a gate is given by: where

Q=CyaBH ~ 2g(Y, 5 — Ye) V. =canal velocity

C = wave celerity in canal
where

Equating the changes in discharge gives:
€4 = discharge coefficient :
£ = width of gate |'
H = gate opening a £Cq +AY’3’-5_AYC =AY,.B(V, +C)
g = acceleration of gravity Lcd 2(¥poe — Ye) ‘
Y,es = reservoir elevation
Y, = canal water surface elevation

Solving for AY,, gives:

Differentiating this eguation in finite terms gives:
AC4 AYres

4+
A0 = BH[29(Y, o5 — Y, )] 2 ACy ._rcd 2{Yyes — Y. _
1 +B(Vc +C}
2Ypes — Ye) Q

‘+gchH[2g(Yres = Y TR AY,

e

+ CdH[zg(Yres - Yc)] R

. _ ACy
+ Cdslzgtyrcs — YC’] —-1/2 AH If B(VC + C] AYres <<O, and Cd = (Q; then,

— C BHg(29(Y, s — Y)1712AY, BYe = BY g5

For fixed gate opening and width: Therefore, changes in the reservoir water surface

elevation can be employed to provide a forcing
AQ _QACd function to a canal reach which is connected to the
B reservoir through a gate. The only two restrictions are:

CqBHg ®The head loss across the gate must be much less

+ - .
(BYyes — AYe) [29(Y,p5 = Y 17 ~ than the change in reservoir elevation.

be negligible with respect to the percent change
in relative reservoir elevation.

_ ACd + (AYTEE b AYe]
Ca 2{Ypes — Ye)

:] : ®The percent change in discharge coefficient must

GPQCQ 8d43=018
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ABSTRACT

ABSTRACT

Two methods are available for determining cantrol parameters on autaomated canals,
These are the transient-response method and the frequency-response method. Since a
typical canal system is influenced predominantly by transient inputs, the
transient-response method has been extensively used in the analysis of automated canal
systems, The main advantage of the frequency-response method is that the effects of
varying the various control parameters can be readily visualized and evatuatod. The
presently used transient-response method and parameter selectian are reviewed. The
basic concepts of the frequency-response method are presented and their application to
an automated reach is illustrated with an example. Two computer programs are given
which can be used to determine canal response characteristics. The state-of-the-art in
pracess control has pragressed sufficiently so that both the transient-response and
frequency-respanse methods of analysis can be used in a complementary fashion,
Employment of only one method in the design of automated systems is, in general,
wastaeful of both computer time and engineering effaort,

Two methods are available for determining control parameters on autormated canals,
These are the transient-response mathod and the frequency-response method. Since a
typical canal system is influenced predominantly by transiemt inputs, 1he
transient-response method has been extensively used in the analysis of automated canal
systems. The main advantage of the frequency-response method is that the effects of
varying the various control parameters c¢an be readily visualized and evaiuated, The
presently used transient-response method and parameter selection are reyviewed, The
basic concepts of the frequency-response method are presented and their application to
an automated reach is illustrated with an example, Two computer programs are given
which can be used to determine canal response characteristics. The state-of-the-art in
process cantrol has pragressed sufficiently so that both the transient-response and
frequency-response methods of analysis can be used in a complementary fashion.
Employment of only one method in the design of automated systems is, in general,
wasteful of both computer time and engineering effort.
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ABSTRACT - ABSTRACT

Two methods are available for determining control parameters on automated canals,
These are the transient-responseé method and the frequency-response method. Since a
typical canal system s influenced predominantly by transient inputs, the
transient-responsa method has been extensively used in the analysis of automated canal
systems. The main advantage of the frequency-response method is that the effects of
varying the various control parameters can be readily visualized and evaluated, The
presently. used transient-response methad and parametec selection are reviewed. The
basic concepts of the frequency-response method are presented and their application to
an automated reach is illustrated with an example. Two computer programs are given
which can be used to determine canal response characteristics. The state-of-the-art in
process control has progressed sufficiently so that bath the transient-response and
frequency-response methods of analysis ¢an be used :in a complementary fashion.
Employment of only one method in the design of automated systems is, in general,
wasteful of both computer time and engineering effort, :

Two methods are available for determining control parameters on automated canals,
These are the transient-response method and the frequency-response method. Since a
typical canal system is  influenced predominanity by transient inputs, the
transient-response method has been extensively used in the analysis of automated canal
systems. The main advantage of the frequency-respanse method is.that the effects of
varying the various control parameters can be readily visvalized and evaluated. The
presently used transient-response method and parameter selection are reviewed. The
basic concepts of the frequency-response method are presented and their application to
an autamated reach is iltustrated with an Jexample, Two camputer programs are given
which can be used ta determine canal respciize characteristics, The state-of-the-art in
process control has progressed sufficiently so that both the transient-response and
frequency-response methads of analysis can be used in a compiementary fashian,
Employment of only one method in the design of automated systems is, in general,
wasteful of both computer time and engineering effart. :
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